We aimed to study relationships between plant biodiversity and soil chemical fertility in a mature tropical forest of Costa Rica. Soil samples were collected in nine sampling plots (5 m by 25 m) in order to identify P, K, Ca, Mg, Fe, Zn, Mn, Cu, and Al and total N contents, soil fertility index, CEC, pH, and C/N ratio. Furthermore, species richness, Shannon-Wiener and Simpson's species diversities, structural richness, and structural diversity were calculated for each plot. Simple linear regression analyses were conducted. Tree species richness was inversely related to concentration levels of K, Ca, and P, CEC, and soil fertility index. Therefore, higher tree species richness tended to be found on sites with lower soil fertility, which is the complete opposite of temperate forests. As a result, tropical and temperate forest ecology should be considered separately. Shannon-Wiener tree species diversity was positively correlated to C/N ratio. Herb structural richness was positively correlated with soil fertility index and P concentration. Therefore, herb structural richness may be a good indicator of soil fertility. This study gives important insights on ecological relationships between plant biodiversity and soil chemical fertility in a primary tropical forest.
Introduction
Tropical forest ecosystems are known for having the highest plant biodiversity on the planet. Amazonian tropical forests can support life for up to and even more than 280 tree species per hectare [1] . In Ecuador, 1,104 tree species were found living in an area of 25 ha [1] . This high plant biodiversity is essential for the survival of several living organisms that thrive in tropical ecosystems. It is thought that high plant biodiversity in tropical forest stands is mainly caused by factors such as high stable temperature (low seasonality), high humidity (high precipitation), and high solar radiation all year round which favour the growth of a large number of species [2] . Although the main causal factors of plant biodiversity are related to climate and topography, it is important to understand what is happening at the microhabitat level. Does soil fertility have any effects on plant biodiversity in a mature tropical forest? Conversely, does plant biodiversity have any effects on soil fertility in tropical ecosystems? Is there a relationship between the two?
Waide et al. [3] reviewed literature on the relationship between plant productivity and species richness in desert, boreal forest, tropical forest, and wetland ecosystems. They concluded that trends are variable and the relationship between plant biodiversity and productivity may vary according to different habitats and can also be influenced by other abiotic and biotic factors [3] . Pärtel et al. [4] , on the other hand, investigated plant diversity-productivity relationship patterns from 163 case studies all around the world. 80% of the relationship variation was explained by latitude [4] . The unimodal relationship in which productivity is low at low and very high diversity and is high at medium diversity seemed to dominate the temperate regions [4] . In a more specific study, Janssens et al. [5] looked at the relationship between plant biodiversity and different soil chemical factors in numerous sites located in temperate grassland ecosystems. They found a positive relationship between plant biodiversity (richness and diversity) and the concentration of extractable P and K in soil [5] . No relationship was found between plant biodiversity and other factors such as total N and Ca concentrations, pH, and organic matter content [5] . In temperate regions, Tilman et al. [6] investigated the effects of species richness and diversity on ecosystem productivity. They found that nitrogen was more available to plant roots in plots with higher species richness and diversity due to the reduction of N leaching loss in soil, thereby increasing ecosystem productivity at the same time [6] . Using a different approach, Holl [7] compared plant biodiversity and soil chemical fertility in an abandoned pasture versus a near primary tropical forest of southern Costa Rica. He found that the levels of most soil nutrients (N, Ca, Mg, and especially P) were usually lower in the pasture compared to the forest containing higher plant biodiversity [7] . Recently, Dybzinski et al. [8] investigated the effects of plant species diversity on productivity in a grassland ecosystem of Minnesota in the United States. They found that soil from the higher plant species diversity plots was producing more biomass than soil from lower diversity plots and this phenomenon was caused by greater soil N availability, inputs, and retention [8] . Then, Nirmal Kumar et al. [9] studied the relationship between tree species biodiversity (Shannon-Wiener and Simpson's diversities and species richness) and soil nutrient concentration in three different sites in a dry deciduous forest of western India. They found a strong positive correlation between tree species richness and the concentrations of N, P, and C [9] .
Much research has been done on the relationships of plant biodiversity with productivity and soil fertility in grassland ecosystems, temperate forest stands, and agroecosystems. On the other hand, there is a lack of research and data available about this correlation in tropical forest ecosystems. In this study, we aimed to investigate the relationship between plant biodiversity and soil chemical fertility in a mature tropical forest of Costa Rica. We tested the hypothesis that there are some relationships between different plant biodiversity measurements (species richness, Shannon-Wiener and Simpson's species diversity, and structural richness and diversity) and soil chemical fertility factors (concentration of exchangeable K, Ca, and Mg; Olsen P, Fe, Cu, Zn, Mn, and Al; and CEC, pH, C/N ratio, soil fertility index, and total N). This is the first study that has looked at both plant species and structural diversities in relation to soil chemical fertility in a tropical forest. topography results in the presence of three types of forest called Premontane Moist Forest, Premontane Wet Forest, and Premontane Rain Forest. The forest types were identified using the life zone system created by Holdridge [10] .
Study Area and Methods
This reserve is located in an area known for its soils classified mainly as Inceptisols which tend to be moderately acid and contain low concentration levels of Ca, Mg, K, and Zn. The relief tends to be abrupt. Furthermore, the reserve shelters high plant species richness in which 1,012 species of angiosperms have been identified in the past [11] .
Inventory of Plant Composition and Abundance and Biodiversity Calculations.
Three sampling plots of 5 m by 25 m area were randomly selected in each of the three life zones [12] . Life zones are defined by the variation of temperature and precipitation in a given area which leads to the formation of different vegetation communities [10] . Life zones were identified based on elevation and presence of mosses and ferns on tree trunks. Premontane Moist Forest was located in elevations between 700 m and 1,000 m and neither moss nor fern was present on tree trunks. Premontane Wet Forest was found in elevations between 1,000 m and 1,250 m and trees had low to moderate abundance of mosses and ferns on their bark. Premontane Rain Forest was located in elevations between 1,250 m and 1,500 m and had high abundance of mosses and ferns on tree trunks. Sampling was done by randomly selecting, on a map, three sampling plots at least 100 m apart (located close but at least 25 m from a trail in order to avoid forest edge effect) in each of the three life zones. There were nine sampling plots analysed in this study. Table 1 shows the corresponding elevation and life zone for each sampling plot. Each plot was divided into five units of 5 m by 5 m and the abundance and height class of the different tree species were measured in each of these units [12] . The abundance and height class of the different shrub species were measured from a 3 m by 3 m area within each 5 m by 5 m unit [12] . Furthermore, the abundance and height class of the different herb species were measured from a 1 m by 1 m area within each 3 m by 3 m sampling unit [12] . Figure 2 shows how the sampling plots were laid out. The identification of plant species was done using plant identification guides and our knowledge of Costa Rica flora. When it was not possible to identify species in the field, a sample was collected and brought to Carlos Morales, a specialist in Botany at the University of Costa Rica. Epiphytes, vines, and lianas were not included in this study. Table 2 shows the number of species of herbs, shrubs, and trees for each plant family encountered in the field. In each sampling plot, the abundance was measured by visually estimating the percentage of ground that was covered by the crown of a plant species. The area covered (m 2 ) by a plant species per hectare was calculated by multiplying the percentage of ground cover, the area of the plot, and the number of plots that fits in one hectare. The height class was measured using a stick which indicates six different height classes (0-10 cm, 11-30 cm, 0.3-1 m, 1-3 m, and 3-10 m, ≥10 m). Once the area covered and the height class of plant species had been measured, the mean crown volume index for each sampling plot was calculated by multiplying the area covered by the height and then averaging the crown volume index of the five subplots. This mean crown volume index represents space occupied by each species in a specific sampling plot per 0.01 ha.
Total crown volume index (m 3 /0.01 ha) of all species together (herbs, shrubs, and trees separately) was calculated for each sampling plot by adding the mean crown volume index of plant species together. Additionally, overstory (height ≥ 3 m) and understory (height < 3 m) vegetation crown volume index was calculated. Plant biodiversity was determined by calculating species richness, Shannon-Wiener species diversity, Simpson's species diversity, structural richness, and structural diversity (S-W). These biodiversity indices were chosen because they were the most appropriate for the sampling techniques we used in this study [13] . Species richness is the number of plant species in a given area. Species richness was calculated by counting the number of species that was recorded in each sampling plot. Shannon-Wiener species diversity is a measure of evenness and is affected by both the number of species and evenness of the community [14] . Higher evenness in the abundance of species leads to higher diversity in a community [14] . Shannon-Wiener species diversity was calculated by first calculating the proportion that each plant species had in the community (crown volume index of a species/total volume of all species), then multiplying the proportion of each species by log 2 , and finally adding the results from the previous calculation together and multiplying it by "−1" (equation: = − ∑ =1 log , = proportion). Simpson's species diversity is a measurement of the probability that two individuals randomly selected from a sample will belong to different species and is directly affected by the abundance of species in a community [14] . Higher values mean higher diversity. Simpson's species diversity was calculated by subtracting the sum of the square of proportion from "1" (equation: = ∑ =1 2 , = proportion). Structural richness is the number of plant height classes in a stand [15] . Structural richness was calculated by counting the number of height classes recorded for each unit and averaging it for each sampling plot. Structural diversity (S-W) refers to the number of layers (microhabitats) in a stand [15] . Structural diversity (S-W) was calculated by first calculating the proportion that each height class had in the community (crown volume index of plants located in a height class/total volume of plants in TSR: tree species richness; HStR: herb structural richness; HStD: herb structural diversity; TStR: tree structural richness; HStD: herb structural diversity; SStD: shrub structural diversity; CEC: cation exchange capacity; C/N: C/N ratio; TWSD: tree Shannon-Wiener species diversity; SStR: shrub structural richness; TStR: tree structural richness; N: total nitrogen in organic matter; SFI: soil fertility index. all height classes), then multiplying the proportion of each height class by log 2 , and finally adding the results from the previous calculation together and multiplying it by "−1" (equation: = − ∑ =1 log , = proportion). Diversity is higher when species richness, structural richness, and structural diversity are high.
Collection of Soil Samples and Analyses.
In each sampling plot, three samples of soil and organic matter were collected in order to identify the concentrations of macronutrients (P, K, Ca, and Mg) and micronutrients (Fe, Zn, Mn, Cu, and Al), the cation exchange capacity (CEC) in soil, and the organic matter total N and C/N ratio ( Figure 2 ). Each soil and organic matter sample collected was around 1,000 cm 3 of volume and they were taken from the horizon A and the forest floor, respectively. The three samples of soil and organic matter from each sampling plot were put in plastic bags, mixed together, and then brought to the lab for analysis. The samples were sieved (2 mm) and oven-dried (50 ∘ C). Dumas combustion method (LECO CNS 2000, Mississauga, ON) was used to analyse total N and organic C (g/kg). A sodium bicarbonate solution was used to determine the concentration levels (mg/kg) of P, Fe, Cu, Zn, and Mn through spectrophotometry following Olsen modified method [16] . DPTA extraction method was used to determine the concentration levels of exchangeable K, Ca, Mg, and extractable acids (Al + H) in soil [17] . Exchangeable cations were extracted in DPTA and concentrations (cmol+/kg) were determined by ICP-AES [17] . The CEC (cmol+/kg) was estimated by adding together concentrations of exchangeable K (ppm/390), Ca (ppm/200), Mg (ppm/120), and extractable acids. The pH was determined in a saturated paste extract and electrical conductivity in 1 : 2 water solution. Soil fertility index for tropical ecosystems was calculated by adding the percentage values of P, K, and Ca contents obtained by dividing the concentration in each sampling plot by the mean concentration of the nine sampling plots [18] .
Statistical Analysis.
Simple linear regression analyses were used to identify if there was positive or negative relationships between the different plant biodiversity measurements (species richness, Shannon-Wiener diversity, Simpson's diversity, structural richness, and structural diversity) and soil fertility variables (K, Ca, Mg, P, Fe, Cu, Zn, Mn, Al, pH, CEC, C/N ratio, total N, and soil fertility index). Analysis of variance for regression was used to calculate P values and to see if the regressions were significant [19] . The correlation coefficient was calculated using the following equation: " = √(SS Reg /SS T )" [19] . In all analyses, the level of significance was set at P = 0.05. 95% confidence intervals of the variation between subplots for each plant biodiversity measurement were marked in all figures and used to look at differences between life zones and elevations.
Results

Relationships between Soil Chemicals Factors and Plant
Biodiversity Measurements. Linear regression analysis indicated that tree species richness was negatively related to K content in soil (Figure 3(a) ). This relationship was found to be significant (P = 0.04 and = −0.69) (Table 3) . Therefore, the number of tree species declines as the concentration level of K increases. On the other hand, there was no relationship between K content and species richness for either the herb (P = 0.91, = −0.04) or shrub (P = 0.63, = −0.19) communities. No relationship was discovered between K concentration in soil and Shannon-Wiener species diversity of herbs (P = 0.20, = 0.47), shrubs (P = 0.47, = −0.28), and trees (P = 0.31, = −0.38). Furthermore, there was no relationship encountered between concentration level of K and Simpson's species diversity of herbs (P = 0.11, = 0.57), shrubs (P = 0.74, = −0.13), and trees (P = 0.81, = −0.09). There was no relationship between herb structural richness and K content (P = 0.08, = 0.61). However, it is important to notice that this relationship was close to be significant (Table 3) . No relationship was observed between K concentration and structural richness of shrubs (P = 0.33, = 0.37) and trees (P = 0.61, = 0.20). Also, structural diversity of herbs (P = 0.27, = 0.41), shrubs (P = 0.22, = 0.46), and trees (P = 0.61, = −0.20) was not correlated to K concentration.
Tree species richness was inversely related to Ca concentration in soil (Figure 3(b) ). This relationship was found to be significant (P = 0.05, = −0.67) ( Table 3) . As a result, tree species richness decreased as soil Ca content increased in the mature tropical forest (Figure 3(b) ). Conversely, there was no relationship encountered between soil Ca content and species richness of herbs (P = 0.93, = −0.04) and shrubs (P = 0.40, = −0.32). Ca concentration was not correlated to either Shannon-Wiener species diversity of herbs (P = 0.17, = 0.50), shrubs (P = 0.57, = −0.22), and trees (P = 0.98, = . P concentration in the soil was inversely correlated to tree species richness (Figure 3(c) ). The regression was significant (P = 0.047, = −0.67) (Table 3) . Therefore, tree species richness decreased as P concentration increased (Figure 3(c) ). On the other hand, there was no relationship between P concentration and species richness of herbs (P = 0.86, = −0.07) and shrubs (P = 0.97, = −0.01). P concentration was not related to Shannon-Wiener species diversity of herbs (P = 0.31, = 0.38), shrubs (P = 0.24, = −0.44), and trees (P = 0.17, = −0.50). Also, it was not related to Simpson's species diversity of herbs (P = 0.24, = 0.43), shrubs (P = 0.42, = −0.31), and trees (P = 0.59, = −0.21). Herb structural richness was positively correlated to P concentration (Figure 4(a) ). The regression was significant (P = 0.01, = 0.78) (Table 3) . Therefore, herb structural richness increased as P concentration augmented (Figure 4(a) ). There was no relationship between P concentration and structural richness of shrubs (P = 0.16, = 0.51) and trees (P = 0.27, = 0.41). P concentration was almost positively related to herb structural diversity with P = 0.09 and = 0.59 (Table 3) Mn concentration was almost positively correlated to herb structural richness, but the regression was not significant (P = 0.067, = 0.63) ( Table 3 ). There was no relationship between Mn concentration and structural richness of shrubs (P = 0.52, = 0.25) and trees (P = 0.15, = 0.52). Herb structural diversity was positively related to Mn concentration (P = 0.04, = 0.69) ( Figure 4 (c); Table 3 ). As a result, herb structural richness increased as soil Mn concentration increased (Figure 4(c) ). Additionally, there was no relationship between Mn concentration and structural diversity of shrubs (P = 0.32, = 0.38) and trees (P = 0.82, = −0.09).
Relationships between Cation Exchange Capacity and
Plant Biodiversity Measurements. Tree species richness was inversely correlated to CEC in soil (P = 0.03, = −0.72) ( Figure 3(d) ; Table 3 ). Accordingly, the number of tree species in the forest stand increased as CEC decreased in soil (Figure 3(d) ). There was no relationship between CEC and species richness of herbs (P = 0.84, = −0.08) and shrubs (P = 0.38, = −0.33). CEC was not related to either ShannonWiener species diversity of herbs (P = 0.17, = 0.50), shrubs (P = 0.53, = −0.24), and trees (P = 0.79, = −0.10) or Simpson's species diversity of herbs (P = 0.20, = 0.47), shrubs (P = 0.70, = −0.15), and trees (P = 0.72, = 0.14). Furthermore, it was not correlated to either structural richness of herbs (P = 0.24, = 0.44), shrubs (P = 0.72, = 0.14), and trees (P = 0.89, = 0.06) or structural diversity of herbs (P = 0.48, = 0.27), shrubs (P = 0.82, = 0.09), and trees (P = 0.23, = −0.45).
Relationships between C/N Ratio and Plant Biodiversity
Measurements. There was no relationship between C/N ratio and species richness of herbs (P = 0.61, = 0.20), shrubs (P = 0.83, = −0.08), and trees (P = 0.29, = 0.40). Also, C/N ratio was not related to either Simpson's species diversity of herbs (P = 0.47, = −0.28), shrubs (P = 0.43, = 0.30), and trees (P = 0.11, = 0.57) or structural diversity of herbs (P = 0.92, = −0.04), shrubs (P = 0.12, = −0.55), and trees (P = 0.85, = −0.08). On the other hand, tree ShannonWiener species diversity was found to be positively correlated to C/N ratio (Figure 3(f) ). The regression was significant (P = 0.01, = 0.78) ( Table 3) . Therefore, tree species diversity (S-W) tended to increase as the C/N ratio augmented in the organic matter (Figure 3(f) ). The other two measurements of Shannon-Wiener species diversity (herbs with P = 0.87 and = −0.06; shrubs with P = 0.39 and = 0.33) were not related to C/N ratio. Structural richness of herbs and shrubs was almost negatively correlated to C/N ratio (P = 0.09, = −0.60, and P = 0.10, = −0.59, resp.) (Table 3 ). There was no relationship between tree structural richness and C/N ratio (P = 0.67, = 0.17).
Relationships between Soil Fertility Index and Plant Biodiversity Measurements.
There was a negative relationship between tree species richness and soil fertility index (P = 0.01, Table 3 ). Hence, the number of tree species decreased as soil fertility index increased (Figure 3(e) ). There was no relationship between soil fertility index and species richness of herbs (P = 0.88, = −0. Table 3 ). Therefore, herb structural richness increased as soil fertility index amplified (Figure 4(b) ).
Other Relationship Results.
In this study, soil Cu, Mg, Fe, Zn, and Al contents and pH and total organic matter N content were not correlated with any of the biodiversity variables. See Table 4 for more information about P values and correlation coefficients of nonsignificant relationships.
Differences in Biodiversity between Life Zones and Elevations.
Using the significant regression relationships and their corresponding biodiversity 95% confidence intervals, we found that the relationships were affected by neither elevation nor life zones (Figures 3 and 4 ). There were no significant differences in tree species richness, tree ShannonWiener species diversity, herb structural richness, and herb structural diversity among life zones and different elevation levels (Figures 3 and 4) .
Overstory versus Understory Vegetation Crown Volume
Index. In this study, the understory vegetation crown volume index was neither affected by nor correlated to the overstory tree crown volume index (P = 0.91, = 0.04) ( Figure 5 ).
Discussion
Species Richness.
In our study, tree species richness was found to be inversely related to soil K, Ca, and P contents, CEC, and soil fertility index. These results support our hypothesis that there should be some relationships between tree species richness and the different soil fertility factors. As of now, many studies showed some kind of relationships between species richness and nutrient availability [18, 20, 21] . In a tropical forest, Huston [18, 22] also found a decrease in tree species richness with increasing CEC, soil fertility index, and concentration levels of K, P, and Ca in soil. The author suggested that lower fertility soil generally favoured higher tree species richness [18, 22] . In lower fertility soil, a naturally strong tree species competitor may lack resources (nutrients) in order to outcompete the other, thereby causing higher tree species richness [23] . Furthermore, many researchers demonstrated a decrease in species richness following soil fertilization which leads to higher soil fertility [21, 23, 24] . The results of these studies all agree with our findings. On the contrary, most studies done in temperate forests and agroecosystems showed positive relationships between tree species richness and soil factors such as soil fertility index and soil Ca, P, and K contents [5, [25] [26] [27] [28] . That difference in pattern between temperate and tropical forests may be caused by the fact that they are completely different ecosystems in different regions of the world.
In our study, tree species richness was not correlated to Mg, Fe, Cu, Zn, and Mn contents, C/N ratio, and total N. These results do not agree with the findings of Nirmal Kumar et al. [9] who found that total N was highly positively related to tree species richness. This divergence may be generated by a difference in rainfall between the two ecosystems. Precipitation affects soil nutrient availability through its influence on erosion and nutrient cycling [18] . Species richness is also affected by precipitation [29] . Our study was done in a humid tropical forest with high annual precipitation while the study of Nirmal Kumar et al. [9] was achieved in a dry deciduous forest with low annual rainfall. Additionally, Nirmal Kumar et al. [9] and Fu et al. [30] did not find any relationship between tree species richness and the two soil factors: C/N ratio and total N, respectively, which agrees with our findings. Tree species richness was more affected by soil fertility than C/N ratio in our study.
Species richness of herbs and shrubs was not related to any of the soil variables. Overall, not many studies investigated the relationship between soil chemical factors and species richness of herbs and shrubs. The results in these studies were highly variable. Moore and Keddy [31] suggested that different patterns of species richness may be encountered with different understory species types. Grubb [26] and Goodland [25] discovered a negative relationship between herb species richness and soil fertility. Wright [32] found a positive relationship between soil fertility and species richness of herbs and shrubs. Light availability to herb and shrub communities may affect considerably the relationship because the growth of understory communities is usually highly influenced by light availability and overstory canopy density and volume [33] .
Species Diversity.
Shannon-Wiener tree species diversity was only correlated to C/N ratio (positive relationship). In tropical forest ecosystems, higher tree diversity tends to occur HSR: herb species richness; SSR: shrub species richness; TSR: tree species richness; HWSD: herb Shannon-Wiener (S-W) species diversity; SWSD: shrub S-W species diversity; TWSD: tree S-W species diversity;
HSSD: herb Simpson's species diversity; SSSD: shrub Simpson's species diversity; TSSD: tree Simpson's species diversity; HStR: herb structural richness; SStR: shrub structural richness; TStR: tree structural richness; HStD: herb structural diversity; SStD: shrub structural diversity; TStD: tree structural diversity; CEC: cation exchange capacity; C/N: C/N ratio; N: total N in organic matter; and SFI: soil fertility index.
on poor soils with low fertility [18, 34] . Nitrogen is one of the most important soil nutritional elements and limiting factors for plant growth [35] . Therefore, it makes sense that there is less N stored in organic matter compared to carbon in those ecosystems with higher species diversity and poor soils. In our study, Shannon-Wiener tree species diversity was not related to any of the other soil variables (K, Ca, Mg, P, Fe, Cu, Zn, Mn, CEC, total N, organic C, and soil fertility index). There was no relationship between Shannon-Wiener diversity of herbs and shrubs and any of the soil variables. Also, Simpson's species diversity of herbs, shrubs, and trees was not correlated to any of the soil variables. These findings disagree with many studies done in temperate forests and agroecosystems [36] . Loreau et al. [37] suggested that species diversity is usually related to soil fertility. Also, Grime [20] and Tilman and Pacala [38] demonstrated that soil fertility has a considerable impact on species diversity. Tuomisto et al. [39] found that fern and lycophyte species diversity increased substantially with increasing cation concentration in soil. Tilman et al. [6] established that higher species diversity ecosystems have a greater capacity to utilize nutrients, thereby reducing soil nitrogen leaching loss, which tends to increase soil fertility. Janssens et al. [5] found that species diversity was positively correlated to K content and declined with increasing P content in soil. Finally, Dybzinski et al. [8] demonstrated that soil fertility and total N increased with species diversity. These studies probably had different results than us due to the different ecosystems (temperate ecosystems) in which they were conducted compared to our humid tropical forest. Many ecological processes act differently in tropical compared to temperate ecosystems. A good example is soil limiting factor; N is the soil limiting factor in temperate ecosystems while P is the limiting factor in tropical forests [6, 18] . Also, competition, which influences species diversity, tends to play a more important role in temperate forests compared to tropical forests due to niche partitioning by plants that occurs in the tropics [40] . On the other hand, Fu et al. [30] found no relationship between Shannon-Wiener diversity and the three soil factors: total N, P, and K. Janssens et al. [5] reported no relationship between species diversity and the two soil factors: Ca and N.
Pärtel et al. [41] suggested that dark diversity (unexpressed diversity in a community) is an important diversity index to consider in community ecology studies. It was not measured in our study. The species pool was so high (more than 1,000 species of angiosperms) in the study area and their distribution was largely unknown; thereby, it would have been almost impossible to calculate it accurately.
Structural Richness and Diversity.
The concepts of structural richness and diversity have been widely used in forestry, especially in silviculture management [42] . Forest managers often focus on increasing structural richness and diversity using management practices such as shelterwood, group or individual tree selection, and thinning in order to amplify biodiversity over the landscape [33, [43] [44] [45] [46] [47] [48] .
In our study, herb structural richness increased significantly with increasing soil fertility index and P concentration in soil. P is the most important factor determining soil fertility in tropical ecosystems [7, 18] . Therefore, the herb community may be able to grow taller in soil with higher P content and soil fertility leading to higher herb structural richness. Zuquim et al. [49] demonstrated that fern community composition was a good indicator of soil cation concentration. Here, we suggest that herb structural richness may be a good indicator of soil fertility. Also, herb structural diversity was positively related to Mn concentration. Manganese does not affect soil fertility much compared to other soil elements such as P, K, Ca, and N. Finally, our findings agree with the results obtained by Lindgren and Sullivan [13] where soil fertility did not affect structural diversity of herbs, shrubs, and trees.
The Effects of Life Zones, Elevation, and Lightness.
Plant species richness is known to generally decrease with increasing elevation [50] . Aiba and Kitayama [51] found that tree species diversity in a tropical rainforest of Borneo declined with increasing altitude. In our study, neither life zones nor elevation had an effect on plant biodiversity. One of the main driving forces that explain differences among life zones in Costa Rica is annual rainfall which changes depending on elevation. Precipitation and elevation seem to not have played an important role in controlling plant biodiversity in our mature tropical forest.
There was a divergent relationship between overstory and understory responses to nutrient availability in our study. One may think that this divergent relationship was triggered by a variation in understory light availability generated by different overstory canopy covers. It is well known that partial disturbances leading to secondary forest succession provide resources such as light that attract a wide range of early-to late-successional plant species and allow sustaining high biotic species diversity [28, 52, 53] . Understory light availability declines with increasing canopy cover, which is positively correlated to crown volume index [54] . However, in our study, even if overstory crown index and thereby lightness were highly variable from one sampling plot to the other, there was no significant relationship between overstory and understory crown volume index. As a result, lightness did not account for the different responses of overstory versus understory vegetation to nutrient availability. The divergent relationship may have been caused by another unknown factor.
Conclusion
Tree species richness of pristine tropical forests decreased considerably as overall soil fertility (CEC, soil fertility index, and K, Ca, and P contents) increased. In tropical forests with low soil fertility, strong tree species competitors may lack resources, especially nutrients such as P, K, and Ca, in order to outcompete the others, thereby causing higher species richness. On the contrary, temperate forests tend to have a positive relationship between tree species richness and soil chemical fertility. This difference may be explained by the fact that tropical and temperate forests are two completely different ecosystems in different climatic regions of the world. Their ecology should be considered separately. In the sampled tropical forest, herb structural richness increased significantly with increasing soil fertility index and P content. Higher soil fertility and P content may enable herb communities to grow taller leading to higher herb structural richness. As a result, herb structural richness may be a good indicator of soil fertility in tropical forests. Little is known about plant structural richness and diversity in tropical forest ecosystems; thus, more studies are warranted.
